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ABSTRACT
Hot dust-obscured galaxies (Hot DOGs) are a luminous, dust-obscured population recently dis-
covered in the WISE All-Sky survey. Multiwavelength follow-up observations suggest that they
are mainly powered by accreting supermassive black holes (SMBHs), lying in dense environments,
and being in the transition phase between extreme starburst and UV-bright quasars. Therefore,
they are good candidates for studying the interplay between SMBHs, star formation and environ-
ment. W2246−0526 (thereafter, W2246), a Hot DOG at z ∼ 4.6, has been taken as the most
luminous galaxy known in the Universe. Revealed by the multiwavelength images, the previous
Herschel SPIRE photometry of W2246 is contaminated by a foreground galaxy (W2246f), resulting
in an overestimation of its total IR luminosity by a factor of about 2. We perform the rest-frame
UV/optical-to-far-IR spectral energy distribution (SED) analysis with SED3FIT and re-estimate its
physical properties. The derived stellar mass M⋆ = 4.3 × 10
11 M⊙ makes it be among the most
massive galaxies with spectroscopic redshift z > 4.5. Its structure is extremely compact and requires
an effective mechanism to puff-up. Most of (> 95%) its IR luminosity is from AGN torus emission,
revealing the rapid growth of the central SMBH. We also predict that W2246 may have a significant
molecular gas reservoir based on the dust mass estimation.
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1. INTRODUCTION
One of the primary science objectives for Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010) all-sky survey is to identify the most luminous ultraluminous infrared galaxies (ULIRGs) in the
Universe. With a so-called W1W2-dropout color-selected method (Eisenhardt et al. 2012; Wu et al.
2012), a new population of luminous, dust-obscured galaxies (designated as Hot, Dust-Obscured
Galaxies, for short Hot DOGs, by Wu et al. 2012) has been successfully discovered. Several works
have suggested that Hot DOGs, mainly powered by accreting supermassive black holes (SMBHs),
may represent a key transition phase during the evolution of massive galaxies, linking starbursts and
luminous unobscured quasars (Wu et al. 2012; Bridge et al. 2013; Dı´az-Santos et al. 2016; Fan et al.
2016a,b; Wu et al. 2018).
Among those Hot DOGs with spectroscopic redshift and far-infrared photometry, W2246−0526
(thereafter, W2246) is the most distant one at redshift zopt = 4.593 derived from UV/optical emission
lines (Wu et al. 2012; Tsai et al. 2015). With ALMA [CII] observations of W2246, Dı´az-Santos et al.
(2016) measured its redshift at z[CII]=4.601 which shows [CII] line having a significant redshift com-
pared with UV/optical emission lines. The previous works used multiwavelength fit to its SED and
obtained its total IR luminosity LIR = 2.2− 3.4× 10
14L⊙ (Tsai et al. 2015; Fan et al. 2016b). Given
the corresponding bolometric luminosity Lbol = 3.5 − 4.8 × 10
14L⊙, W2246 had been taken as the
most luminous galaxy known in the Universe (Dı´az-Santos et al. 2016).
Recently, we noted that the IR luminosity of W2246 was likely overestimated due to the contami-
nation of a foreground galaxy to Herschel SPIRE photometry. In Figure 1, we show the multiwave-
length images of W2246 and the nearby foreground galaxy, W2246f, which is about 16′′ away to the
northeast of W2246. Due to the poor resolution of Herschel SPIRE 250, 350, and 500 µm bands,
it is clear that Herschel SPIRE photometry of W2246 is significantly affected by the contamina-
tion of W2246f. We re-measure the Herschel SPIRE flux with point spread function (PSF) fitting.
With the updated flux estimations, we fit the rest-frame UV/optical-to-far-IR SED of W2246 with
SED3FIT code (Berta et al. 2013) and obtain the key physical properties. Throughout this work
we assume a standard, flat ΛCDM cosmology (see Komatsu et al. 2011), with H0 = 70 km s
−1,
ΩM = 0.3, and ΩΛ = 0.7.
2. DATA
In order to construct the rest-frame UV/optical-to-far-IR SEDs of W2246 and W2246f, we compile
the available multiwavelength data in the literature. In Figure 1, we show the multiwavelength images
centering on W2246, including five SDSS bands (u, g, r, i and z ), HST H-band, four WISE bands
(W1, W2, W3 and W4), two Herschel PACS bands (70 and 160 µm, Poglitsch et al. 2010) and
three SPIRE bands (250, 350, and 500 µm, Griffin et al. 2010). Two red crosses mark the posi-
tions of W2246 (22h46m07.5s,−05d26m35.3s) and W2246f (22h46m08.3s,−05d26m24.5s) based on
the HST H-band image.
Five-SDSS-band photometry and photometric redshift of W2246f have been retrieved from Sloan
Digital Sky Survey SkyServer1. The photometric redshift of W2246f (zph = 0.047) suggests that it
is a foreground galaxy. Instead of retrieving the WISE W1, W2, W3 and W4 photometry from the
WISE ALLWISE Data Release (Cutri et al. 2013), we do the aperture photometry of both W2246
1 http://skyserver.sdss.org/
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Figure 1. Multiwavelength images of W2246 and its nearby foreground galaxy, W2246f. Top panels: SDSS
u-,g-,r-,i- and z-band images. Middle panels: HST H-band, WISE W1, W2, W 3 and W 4 maps, taken from
unWISE images (Lang 2014). Bottom panels: from left to right, Herschel maps in PACS 70 and 160 µm,
SPIRE 250, 350, and 500 µm, respectively. These maps are 1.5×1.5 square arcmin in size and centered on
W2246. Two crosses mark the positions of W2246 and W2246f based on HST H-band image.
Figure 2. Zoom-in HST H-band image (6′′×6′′), includingW2246 in the center and its northeast companion
(W2246-NE), is presented in the left panel. We use the GALFIT package to fit the surface brightness profiles
of W2246 and W2246-NE, simultaneously. For W2246, we adopt a Se´rsic + PSF model to represent the
host galaxy and AGN component, respectively. For W2246-NE, we only assume a Se´rsic model. The model
and residual images of W2246 and W2246-NE have been shown in the middle and right panels, respectively.
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and W2246f based on the unblurred coadded WISE images2 (unWISE, Lang 2014). The photometry
errors have been estimated based on the inverse variance images.
W2246f has the 2MASS photometry. We retrieve its near-IR J, H andKS flux densities from NED
3.
In Figure 2, we show a zoom-in 6′′×6′′ HST H-band image. High-resolution HST H-band image reveals
two components: W2246 and its northeast companion (W2246-NE: 22h46m07.6s,−05d26m33.7s).
We derive their photometry by using the GALFIT package (Peng et al. 2002, 2010) to fit the surface
brightness profiles of W2246 and W2246-NE, simultaneously. For W2246, we adopt a Se´rsic + PSF
model to represent the host galaxy and AGN component, respectively. For W2246-NE, we only
assume a Se´rsic model. The model PSF of HST H-band has been constructed by using the TinyTim
package (Krist et al. 2011). The Se´rsic index n has been set as a free parameter. The
best-fit models suggest that both W2246 and W2246-NE have disk-like structure, with
n = 0.7 and 0.8, respectively. The model and residual images of W2246 and W2246-NE have
been shown in Figure 2. The remaining flux on the residual image contributes less than
3% of the total flux of W2246. The pattern of the residual image of W2246 suggests
that the system is possibly not relaxed yet after a recent merger. The flux densities of
the host galaxy of W2246, its AGN component and W2246-NE are 5.2± 0.2 µJy, 0.9± 0.2 µJy and
6.9 ± 0.1 µJy, respectively. The KS band photometry of W2246 is taken from Assef et al. (2015),
which was observed by Hale P200 WIRC.
Herschel flux densities and their associated uncertainties have been derived from PSF fitting using
WISE 12 µm sources as prior positions. During our fittings, the 12 µm prior positions are fixed,
as for the longest passbands of SPIRE (i.e., 350 µm and 500 µm ), the increasingly large PSFs
make the source of interest and its close neighbor strongly blended. For PACS 70 µm and 160
µm observations which have better spatial resolution, we find little difference in flux measurements
if the prior positions are allowed to vary. Dust continuum emission of W2246 at ∼ 880 µm has been
resolved by ALMA observations and its flux density is 7.4 ± 0.6 mJy (Dı´az-Santos et al. 2016). We
summarize the photometry of W2246 and W2246f in Table 1.
3. SED FITTING
For Hot DOGs, Assef et al. (2015) modeled their rest-frame optical through mid-IR SEDs following
the approach applied in Eisenhardt et al. (2012). Each SED had been modeled as a combination of the
host galaxy template and one AGN SED template. Their result showed that the median value of AGN
obscuration for Hot DOGs is E(B−V ) = 6.0. The stellar component dominated the optical-to-near-
IR SED, while the AGN component dominated the mid-IR band. In our previous work (Fan et al.
2016b), we modeled the IR SEDs of twenty-two Hot DOGs using two main components: dust emission
from star formation and AGN torus emission. Our result showed that the two-component model can
fit the observed IR SEDs of Hot DOGs well and AGN torus emission dominated the IR energy output.
We construct the rest-frame UV/optical-to-far-IR SED of W2246 using the data set described in
Section 2. At least three components, including stellar emission, dust emission from star formation
and AGN torus emission, can contribute to the UV/optical-to-far-IR SED of W2246. Here, we
use the three-component SED-fitting code SED3FIT by Berta et al. (2013)4, which implements the
Multiwavelength Analysis of Galaxy Physical Properties code MAGPHYS (da Cunha et al. 2008)5
2 https://unwise.me
3 https://ned.ipac.caltech.edu
4 http://cosmos.astro.caltech.edu/page/other-tools
5 http://www.iap.fr/magphys/magphys/MAGPHYS.html
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Table 1. Photometry of W2246 and W2246f
Band PSF FWHM [arcsec] Flux [mJy]
W2246 W2246f
SDSS u 1.5 - 0.090±0.006
SDSS g 1.4 - 0.387±0.004
SDSS r 1.3 < 3.9(a) 0.752±0.007
SDSS i 1.2 - 1.05±0.01
SDSS z 1.2 - 1.28±0.03
2MASS J 3.0 - 1.60±0.20
2MASS H 3.0 0.0052±0.0002(b) 1.55±0.29
2MASS KS 3.0 0.0088±0.0028
(c) 1.43±0.40
WISE W 1 6.1 0.031±0.007 1.16±0.01
WISE W 2 6.4 0.034±0.007 0.70±0.02
WISE W 3 6.5 1.2±0.2 2.52±0.18
WISE W 4 12.0 13.0±1.6 3.17±0.76
PACS 70µm 6.0 25.0±1.3 12.3±1.2
PACS 160µm 11.0 56.1±2.1 65.8±2.2
SPIRE 250µm 18.0 75.4±8.3 70.4±8.3
SPIRE 350µm 25.0 66.0±8.2 29.1±8.1
SPIRE 500µm 38.0 57.0±13.0 < 26.0
ALMA 880µm 0.4 7.4±0.6(d) -
Notes.
(a): Tsai et al. (2015); (b) HST F160W filter with a PSF FWHM of 0.18′′; (c) Hale 200-inch
WIRC KS (Assef et al. 2015); (d): Dı´az-Santos et al. (2016).
with an additional AGN torus component from the library of Fritz et al. (2006) and Feltre et al.
(2012), to model the observed SED of W2246. We adopt Bruzual & Charlot (2003) optical/near-IR
stellar library and Chabrier (2003) initial mass function (IMF). However, we cannot rule out the
possibility that a small fraction of the rest-frame UV/optical emission of the luminous AGN is leaked
out of the high-obscuration region. As mentioned by Assef et al. (2016), a fraction of the AGN light
can be possibly scattered off into our line of sight. We will discuss this possibility in Section 4.
We use the same three-component SED3FIT code to fit the rest-frame UV/optical-to-far-IR SED of
W2246f. In Figure 3, solid line shows the best-fit result of W2246f using SED3FIT. The dashed and
dot-dashed lines represent the attenuated stellar emission and dust emission from star formation,
respectively. The dotted line shows the AGN torus emission.
4. RESULTS AND DISCUSSION
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Figure 3. Best-fit model SED (solid line) of W2246f with SED3FIT. The observed data are listed in Table 1,
and plotted with red circles. The blue dashed line represents the attenuated stellar emission and the cyan
dot-dashed line represents dust emission from star formation. The green dotted line shows the AGN torus
dust emission. The bottom panel shows the ratio of the observed flux to model prediction.
Table 2. Physical properties of W2246 and W2246f
W2246 W2246f
LtotIR[8−1000 µm] [ L⊙ ] 1.2 × 10
14 3.2× 109
LtorusIR[8−1000 µm] [ L⊙ ] 1.1 × 10
14 2.1× 108
LSFIR[8−1000 µm] [ L⊙ ] 4.5 × 10
12 3.0× 109
LSFFIR[42−122 µm] [ L⊙ ] 2.1 × 10
12 1.0× 109
SFR [M⊙ yr
−1] 480+70
−217 0.09
+0.07
−0.02
M⋆ [M⊙] 4.3
+2.3
−1.5 × 10
11 1.1+0.5
−0.2 × 10
10
Mdust [M⊙] 9.1
+0.4
−4.5 × 10
8 1.4+1.6
−0.4 × 10
7
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Figure 4. Best-fit model SED (solid line) of W2246 with SED3FIT. Red circles are the observed data
points. The blue dashed and cyan dot-dashed lines show the attenuated stellar emission and dust emission
from star formation, respectively. Green dotted line is the contribution of AGN torus emission. The flux
contributed by AGN emission in H-band, which is shown as purple filled square, has been estimated based
on the structural decomposition using GALFIT. We plot the mean SEDs of Type 1 QSOs (Richards et al.
2006), unattenuated and attenuated by dust assuming a SMC-like extinction law (Prevot et al. 1984) with
AV = 0.5. The unattenuated and attenuated Type 1 QSO SEDs (purple dot-dashed lines) have been
normalized to the flux of AGN emission in H-band. The bottom panel shows the ratio of the observed flux
to model prediction.
In Figure 4, we present the best-fit model SED (solid line) of W2246 with SED3FIT. The three-
component model provides a rather good description of the rest-frame UV/optical-to-far-IR SED
with χ2 = 1.53. The deviation at 500 µm band is possibly due to the large uncertainty of PSF fitting
photometry. Derived physical properties of W2246 have been listed in Table 2, including the total
IR luminosity (LtotIR ), the IR luminosity contributed by AGN torus (L
torus
IR ), the IR luminosity related
to star formation (LSFIR ), the far-IR luminosity related to star formation (L
SF
FIR ), star formation rate
(SFR), stellar masses (M⋆) and dust mass (Mdust). We plot the likelihood distributions of M⋆, SFR,
LSFIR and Mdust in Figure 5.
The total IR luminosity is lower than the previous estimations (Jones et al. 2014; Fan et al. 2016b)
by a factor of about 2 due to taking out the contamination of the foreground galaxy W2246f to
SPIRE photometry. AGN torus emission, contributing over 95% of the total IR luminosity, not
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Figure 5. Likelihood distributions of stellar mass (M⋆), star formation rate (SFR), dust luminosity related
to star formation (LSFIR ) and dust mass (Mdust) of W2246.
only dominates in the mid-IR wavelength range, but also has a significant contribution up to the
rest-frame 100 µm. At the rest-frame wavelength range longer than 100 µm, dust emission related
to star formation starts to dominate. After deducting the AGN contribution, the far-IR luminosity
related to star formation is only 2.1 × 1012 L⊙, which is lower than that used in Dı´az-Santos et al.
(2016) by one order of magnitude. Adopting the total [CII] luminosity of W2246 L[CII] = 6.1 × 10
9
L⊙, our estimation of the far-IR luminosity results in the [CII]-to-far-IR emission ratio ([CII]/FIR)
of 2.9 × 10−3, which is similar to some high-redshift ULIRGs (De Looze et al. 2014) and quasars at
z > 4 (Willott et al. 2013, 2015; Venemans et al. 2016). The previously reported [CII]/FIR deficit of
W2246 (Dı´az-Santos et al. 2016) and other high-redshift quasars (e.g., Wang et al. 2013) may be at
least in part due to AGN contamination of the far-IR emission.
UV/Optical SED is dominated by stellar emission. The derived stellar mass of W2246 is 4.3 ×
1011 M⊙, which is among the most massive galaxies with spectroscopic redshift z > 4.5 (Caputi et al.
2015). In order to consider the effects of different IMF, metallicity and star formation history (SFH)
on the stellar mass estimation, we utilize FAST (Kriek et al. 2009) to fit the observed H , KS, W 1 and
W 2 bands. The derived stellar mass can change by a factor of up to 0.3 dex, adopting the different
combination of IMF, metallicity and SFH. It is possible that the stellar mass can be overestimated by
the contamination of AGN emission (for instance, the scattered AGN emission) to optical/near-IR
bands. We consider the possible contribution of AGN emission by doing the structural decomposition
using the GALFIT package (Peng et al. 2002, 2010). The high spatial resolution HST H-band image
of W2246 has been decomposed with a Se´rsic + PSF model. The decomposed PSF component has
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the flux 0.9± 0.2 µJy, which is about six times weaker than the Se´rsic component. We assume that
the PSF component comes from the scattered AGN emission as suggested by Assef et al. (2016). In
Figure 4, an attenuated Type 1 QSO SED (Richards et al. 2006) has been plotted to present this
scattered AGN emission. The dust attenuation of host galaxy has been set to AV = 0.5, which is
determined by the SED3FIT result. The scattered AGN emission is lower than stellar emission by
over one order of magnitude in the optical and near-IR bands. Thus, the AGN contamination has
the negligible effect on the stellar mass measurement of W2246.
The structural parameters, Se´rsic index n = 0.7 and effective radius Re = 1.3 Kpc, of W2246 have
been derived based on the Se´rsic + PSF model, making it be a disk-like, extremely compact galaxy
at such a high redshift. Dı´az-Santos et al. (2016) showed even more compact structures of [CII]
emission line and dust continuum than UV continuum. Such a compact galaxy is expected to evolve
into a red nugget at z ∼ 2 − 3 and experience a dramatic structural evolution. In order to catch
up the local mass-size relation of massive early-type galaxies (Shen et al. 2003), W2246 requires to
increase its present size by a factor of ∼ 7. AGN feedback, which is taking action to blow out the
ISM in W2246 (Dı´az-Santos et al. 2016), will possibly plays an important role in such a dramatic size
increase, as suggested by our previous model (Fan et al. 2008, 2010). Another mechanism like dry
minor merger (e.g., Naab et al. 2009) may also contribute the observed size evolution during the late
evolutionary stage. Recently, a new scenario to explain the evolution of extremely compact galaxies
at high redshift supposes that they survive as the compact cores (bulge components) embedded in
present-day massive galaxies (Graham et al. 2015; de la Rosa et al. 2016).
The derived SFR of W2246 is 480 M⊙ yr
−1, which is comparable to some starburst galaxies.
However, considering its high redshift and large stellar mass, W2246 still lies below the the star
forming galaxy (SFG) main sequence (MS) which suggests SFR∼ 1100 M⊙ yr
−1 for a MS galaxy
with 4.3 × 1011 M⊙ stellar mass and at the age of the universe t ∼ 1.2 Gyr (Speagle et al. 2014).
This result suggests that W2246 may be experiencing the declining and quenching of star formation.
By integrating the best-fit model SED of W2246, we derive its bolometric luminosity Lbol = 1.7×
1014 L⊙. Assuming that the SMBH in the center of W2246 accretes at the Eddington ratio η = 1
(Wu et al. 2018), the estimated black hole mass is 5.1 × 109 M⊙. The corresponding black hole-
bulge mass ratio (MBH/Mbulge) is 0.012 which is about 2.4 times higher than the present-day value,
suggesting that the SMBH accumulates most of its mass before the formation of the stellar bulge.
Both MBH and MBH/Mbulge ratio of W2246 are in agreement with those of many other high-redshift
quasars (e.g., Peng et al. 2006; Wang et al. 2010). The present-dayMBH/Mbulge ratio, which has been
recently updated by Kormendy & Ho (2013), is about 0.0049 at Mbulge = 10
11M⊙ and is 2-4 times
larger than previous values ranging from 0.001 to 0.0023. Considering the large intrinsic scatter (0.29
dex) of the present-day MBH/Mbulge ratio, only a moderate evolution of the BH mass ratio of W2246
is required to reach the present-day MBH−Mbulge relation. W2246 is expected to evolve towards the
most massive galaxy hosting monster black hole in the local Universe.
The derived dust mass of Mdust = 9.1 × 10
8 M⊙ indicates that there is likely a large amount of
molecular gas (∼ 1011 M⊙) in W2246. The idea that luminous Hot DOGs may have plenty of molec-
ular gas has been supported by our recent ALMA CO observations of three Hot DOGs (Fan et al.
2017b), which find that all of them have a significant molecular gas reservoir (∼ 1010−11M⊙). The
ongoing ALMA CO observations of W2246 will help measure its molecular gas directly.
5. CONCLUSIONS
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W2246, a WISE-selected, hyperluminous dust-obscured galaxy at z = 4.593, was taken as the
most luminous galaxy known in the Universe. However, according to the multiwavelength images
(see Figure 1), we noted that the previous Herschel SPIRE photometry of W2246 was contaminated
by a foreground galaxy (W2246f), resulting in an overestimation of its total IR luminosity. Based
on the new WISE and Herschel SPIRE photometry, we perform a SED analysis on the rest-frame
UV/optical-to-far-IR of W2246 with SED3FIT. The derived total IR luminosity is about 2 times lower
than the previous estimations, making it be not the most luminous Hot DOG any more.
The results from the new SED-fitting show that W2246 is a very interesting object, being in
a key transition phase during the evolution of massive galaxies. With the derived stellar mass
M⋆ = 4.3×10
11 M⊙, it is among the most massive galaxies with spectroscopic redshift z > 4.5. Besides
the high stellar mass, its structure is extremely compact, which indicates that it will experience a
dramatic size evolution towards low redshift. Most of (> 95%) its IR luminosity is from AGN torus
emission, revealing the rapid growth of the central SMBH according to the accretion. Although
the derived SFR is high (480 M⊙ yr
−1), it still lies below the star-forming galaxy main sequence.
Therefore, it has been suggested to be experiencing the declining and quenching of star formation.
We also predict that W2246 may have a significant molecular gas reservoir, which can be tested by
the ongoing ALMA CO line observations. Both AGN and star formation activities in W2246 may
be related to its environment. It is possible that W2246 lies in an overdense environment, which has
been suggested by several previous works (e.g., Jones et al. 2014; Assef et al. 2015; Fan et al. 2017a).
Our ongoing work with the VLT FORS2 narrow-band imaging will shed insight on the environment
of Lyman-alpha emitters (LAEs) around it.
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